and increasing crop yield [9] . Because biochar has a low production cost and strong adsorption for organic pollutants (e.g., polycyclic aromatic hydrocarbons (PAHs) as well as antibiotics) and heavy metals (e.g., Pb, Cu, Zn, and Cd) [10] [11] [12] , it has the potential to be applied as an adsorbent for environmental protection on a large scale.
With urbanization progress and increasing public awareness of environmental protection in China, sludge output has increased rapidly. The output of wet sludge reached 22.67 million tons by the end of 2011 and is projected to reach 60 million tons by 2020 [13] ; treatment of the toxic substance-containing sludge has become an important research topic in environmental disciplines. Sludge pyrolysis can eliminate smells and pathogenic bacteria, stabilize heavy metals, and recycle a certain amount of energy. Therefore, it is a very promising means for the treatment of sludge [14] [15] . Due to the rich surface functional groups and its advanced porous structure, sludge biochar is a very promising cheap adsorbent. Research has shown that biochar derived from sludge exhibits a much higher adsorption capacity for Cd(II) than does commercially activated carbon. The main mechanism of the adsorption process of sludge biochar for Cd(II) involves: 1) surface precipitation by forming insoluble cadmium compounds in alkaline condition and 2) ion exchange for Cd(II) with exchangeable cations in the biochar matrix (e.g., Ca(II) and Mg(II)) [16] . The pyrolysis temperature can significantly affect the oxygen functional groups, mineral constituents, and aromatic structures in biochar, which may affect the adsorption capacity of Cd(II) [17] .
Loess is one of the most widely distributed soils in China, and it is mostly distributed in the arid and semiarid seasonal soil-freezing cold and arid regions. Cold and arid regions are regions with fragile environments characterized by a loose soil structure, large porosity, strong permeability, poor aggregation capability, and low organic contents; in addition, the soil quality and its stability can be easily influenced by environmental and human activities. To date, the existing heavy metal soil restoration studies have mostly focused on acidic soils. The restoration of alkaline soils via the immobilization of heavy metals using sludge biochar has rarely been reported. Loess is the typical regional soil in northwestern China; however, the adsorption mechanism of Cd(II) onto loess and the interaction between loess and sludge biochar are not fully understood and thus need to be investigated. Therefore, biochar was prepared via pyrolysis at different temperatures using urban sludge as the raw material. The effects of the pyrolysis temperature on the physical and chemical properties of the biochar were investigated. The effects of adsorption time, initial Cd(II) concentration, and pH on the adsorption of Cd(II) by loess and sludge biocharamended loess were also investigated. The adsorption mechanism of Cd(II) by loess and sludge biocharamended loess was discussed to provide a reference and guidance to the adsorption-immobilization remediation of heavy metal-contaminated loess by amending it with sludge biochar.
Materials and Methods

Preparation and Characterization of Sludge Biochar
Sludge samples (100kg, 80.6% water content) were taken from the second sedimentation tank of the Anningqilihe wastewater treatment plant in Lanzhou, Gansu Province. The physical and chemical properties of the sludge are listed in Table 1 . The wet sludge was air-dried for five days under natural conditions, and the dry sludge (5% water content) was ground into particles ≤5 mm. The sludge was dried to a constant weight at 105ºC. A total of 10 g of dry sludge was placed in a porcelain combustion boat covered with a ceramic cover plate to avoid the loss of materials through ventilation. The porcelain combustion boat was placed in a horizontal tube furnace (SK-GO6123K, Zhonghuan Experimental Furnace Company, China); the tube had a diameter of 8 cm and a length of 100 cm. First, the furnace was filled with nitrogen for 20 min at a flow rate of 1 L/min. Then the temperature was raised to the set temperature (300, 500, and 700ºC) at a heating rate of 6.5ºC/min. The sludge was pyrolyzed for 1 h at the three set temperatures and then cooled to room temperature. The nitrogen flow rate was 0.5 L/min during pyrolysis, and the nitrogen flow was maintained during the cooling process. After cooling, the sample was ground, sifted through 2 mm sieves, and stored for use. The sludge biochars prepared at 300, 500, and 700ºC were labelled as SB300, SB500, and SB700, respectively.
A specific surface area analyser (Micromeritics ASAP 2020, Mike Instruments, USA) was used to determine the specific surface area, pore volume and pore size of the sludge biochars by the N 2 adsorption-desorption isotherm [18] were used to analyze the pore size distribution and specific surface area of biochar. An elemental analyser (Vario EL III,Elementar, Germany) was used to measure the elemental compositions of the samples. The biochar solution was prepared by mixing 1 g of biochar and 20 ml of ultrapure water. After sufficient stirring for 1.5 h, the solution was stationary for 1 h before the pH was measured using a pH meter.
Test Soil
Fifty kilograms of natural loess was obtained from the surface soil (0-25 cm) of vegetable fields in the suburbs of Lanzhou, Gangsu Province; the soil is a calcisol. After removing the stones, withered branches, and leaves, the soil was air-dried, ground, sifted through 0.15 mm sieves, and then stored in bags. The general properties of the soil were determined as follows: the pH and EC were measured on soil extract at a soil/double-distilled water ratio of 1:5 (w/v) using a pH meter and conductivity meter, respectively. Organic matter was calculated from the content of organic carbon using the conversion factor of 1.724. Total organic carbon was analyzed by dry oxidation of organic carbon to CO 2 using an elemental analyzer (Vario EL III, Germany). Total nitrogen was determined by a modified Kjeldahl method using titanium dioxide as catalyst [19] . The total contents of heavy metals (Cd, Cr, Zn, Cu, and Ni ) as well as nutrients (K and P) in the soil and sludge were determined after aqua regia combustion using atomic absorption spectrometry (220FS, Varian, USA). The basic physical and chemical properties of the soil are listed in Table 1 .
Adsorption Experiment
Effect of initial pH on adsorption capacity: The loess or sludge biochar-amended loess (SB300, SB500, and SB700 were mixed with clean loess at a mass ratio of 1:10 and labelled as LSB300, LSB500, and LSB700, respectively), weighed (0.100 0 g), and added to 50 ml centrifuge tubes. Then 40 mlof a Cd(II) solution with an initial concentration of 80 mol/L was added to the tube. The solution contained 0.01 mol/L NaNO 3 as the supporting electrolyte. Solution pH was adjusted to 2, 3, 4, 5, 6, 7, and 8. The solution was shaken in a water bath at 140 r/min and 25ºC for 24 h. After standing for 2 h, the solution was centrifuged at 4,000 r/min and filtered through a 0.45 μm filter; the Cd(II) concentration in the supernatant was measured to calculate the equilibrium adsorption of Cd(II) in the solution by the adsorbents with different pH values.
Adsorption kinetics experiment: the loess or biocharamended loess was weighed (0.100 0 g) and added to 50 ml centrifuge tubes, and then 40 ml of a Cd(II) solution with a concentration of 80 mg/Lwas added to the tube. The pH was adjusted to 5.0 using a dilute HNO 3 or NaOH solution, and 0.01 mol/L NaNO 3 was used as the background electrolyte. The centrifuge tube was shaken at 140 r/min and 25ºC. The supernatant was sampled at 0.2-10 h and filtered through 0.45 μm filters to measure the residual Cd(II) concentration as well as study the adsorption kinetics characteristics.
Isothermal adsorption experiment: The loess or biochar-amended loess was weighed (0.100 0 g) and added to 50 ml centrifuge tubes; then 40 mlof a Cd(II) solution with an initial concentration of 20, 40, 60, 80, 100, 120, 160, 200, and 300 mg/L was added to the tube. NaNO 3 (0.01 mol/L) was used as the supporting electrolyte for all of the solutions, and the initial solution pH was adjusted to 5.0. The solution was shaken in a water bath at 140 r/min and 25ºC for 24 h. After standing for 2 h, the solution was centrifuged at 4,000 r/min for 20 min and filtered through a 0.45 μm filter; the Cd(II) concentration in the supernatant was measured.
Data Analysis and Calculation Method
Equilibrium adsorption capacity: After the adsorption equilibrium was achieved, the equilibrium adsorption amount (q e ) was calculated by the following equation: (1) …where q e is the adsorption capacity at equilibrium (mg/g); C 0 and C e are the initial and equilibrium concentrations of Cd(II) ions in solution, respectively (mg/L); V is the volume of solution (L); and m is the mass of the adsorbent (g).
Adsorption kinetics: The adsorption kinetics study the rate of adsorption. The common pseudo first-order kinetics model, pseudo second-order kinetics model, and intraparticle diffusion model were used in this paper to fit the experimental data. The model equations are as follows: -The pseudo first-order kinetic model is expressed as: (2) -The pseudo second-order kinetic model is expressed as:
-The intraparticle diffusion model can be calculated using the following equation:
…where q e is the adsorption capacity at equilibrium (mg/g), t is the adsorption time (min), q t is the amount of metal ions adsorbed at time t (mg/g), k 1 is the pseudo first-order rate constant, k 2 is the rate constant of the pseudo second-order adsorption, and C is the intraparticle diffusion rate constant.
Adsorption isotherm: the Langmuir and Freundlich models were used to fit the experimental data from the adsorption equilibrium at 25ºC for a concentration in the range of 20-300 mg/L.
The Langmuir model can be expressed as follows:
The Freundlich model is:
...where C e is the equilibrium concentration of the metal ion (mg/L), q e is the adsorption capacity at equilibrium (mg/g), and q m is the saturated adsorption capacity. K L and K F are the Langmuir and Freundlich adsorption constants (L/g), respectively, and n is a temperature-dependent constant.
The Cd(II) concentration in the solution was measured using an atomic absorption spectrophotometer (220FS, Varian, USA). All samples had three repetitions, and all measurements were repeated three times. The average of the measurements was used as the result.
Results and discussion
Characterization of the Physical and Chemical
Properties of Sludge Biochars
The physical and chemical properties of biochars derived from the pyrolysis of sludge at different temperatures are listed in Table 2 . The comparison of the relevant data in the table shows that the yield of the biochars decreased with increasing pyrolysis temperatures, which is because the volatile components in the sludge biomass are gradually emitted from the raw material as the pyrolysis temperature increases, resulting in fewer residual components.
The pH of the sludge biochars increased with increasing pyrolysis temperatures. The pH of SB700 reached 9.97, and the sample transitioned from an acid sludge to an alkaline biochar. Because the organic matter content in the sludge reached 49.7%, the organic acids produced from the decomposition of organic matter led to a weak acidity for the raw sludge. In the pyrolysis of the sludge samples, the organic matter continued to decompose and the ash content gradually accumulated as the temperature increased. Therefore, the biochar exhibited alkaline characteristics.
The measured elemental compositions can be used to effectively analyse the properties and structures of biochars. As the pyrolysis temperature increased, the C, H, N, and O contents in the sludge biochar continually decreased. The H content decreased most rapidly, from 4.78% in the raw sludge to 0.52% in SB700. Research [20] has shown that the elemental ratios of O/C, H/C, and (O+N)/C can be used to characterize hydrophilicity, aromaticity, and polarity, respectively. As the pyrolysis temperature increased, the O/C and (O+N)/C values of the biochars gradually decreased, which indicated that the hydrophilicity and polarity of the biochars gradually deceased with increasing pyrolysis temperatures and that the amount of oxygen-containing functional groups in biochars gradually decreased. The H/C ratio also gradually decreased with increasing pyrolysis temperatures, which showed that the aromaticity and stability of the pyrolysis products gradually improved. The degree of aromaticity in the pyrolysis products increased while the polarity decreased, and these results are consistent with the results by Yoshida et al. [21] . Hence, the properties of sludge biochar are more stable with increasing pyrolysis temperatures.
The specific surface area and structural parameters of the pores for the sludge biochars are listed in Table 3 . The water on the surfaces and bodies as well as highly volatile and easily oxidized components of the sludge are lost in pyrolysis. In addition, the degree of pyrolysis of the sludge increased with increasing temperatures, which resulted in the gradual growth of the porous structure in the sludge. The increase in the quantity of micropores and the volume of the pores led to increased specific surface area and porosity. The BET average pore diameters of the biochars exhibited the order of LSB500 > LSB300 > LSB700. This is likely because when the pyrolysis temperature increased from 300ºC to 500ºC, mesopores and macropores gradually grew on the biochars, which resulted in an increase in the average pore diameter. However, when the pyrolysis temperature increased from 500ºC to 700ºC, the higher temperature caused a partial collapse of the macropores and increased the proportion of micropores, which led to a decrease in the average pore diameter. The results indicated that an excessively high pyrolysis temperature is not beneficial for the growth of the porous structure. The BET-specific surface of the biochars derived from sludge are smaller than those that the biochars derived from agricultural and forest residues, such as straws and livestock faeces [22] ; this is likely because agricultural and forest residues contain high cellulose content, which can form micropores from pyrolysis.
Effect of Solution pH on Adsorption Capacity
The pH of a solution affects the surface charge of the adsorbents, ion exchange between the adsorbent and adsorbate, and speciation of metals in solution. Therefore, it is an important factor that impacts the adsorption of metals [23] [24] . The variation in the adsorption capacity of Cd(II) by loess and biochar-amended loess with a changing initial solution pH is shown in Fig. 1 . When the pH ranged from 2 to 5, the adsorption capacity of Cd(II) by the adsorbents increased rapidly with increasing pH. The adsorption capacities of Loess, LSB300, LSB500, and LSB700 were 6.98, 11.10, 13.56, and 16.96 mg/g, respectively, when pH = 5. When the pH increased from 5 to 7, the adsorption capacities of the adsorbents for Cd(II) increased slightly, and the rate of the adsorption capacity increase slowed significantly. When the pH ranged from 7 to 8, the adsorption capacity remained the same or slightly decreased. The differences between the maximum and minimum adsorption capacities for Cd(II) at different solution pH values for Loess, LSB300, LSB500, and LSB700 were 5.88, 11.76, 14.00, and 19.40, respectively, which indicates that the initial pH of the solution exerts a significant impact on the adsorption of Cd(II) by loess. When the pH was low, the H + and Cd(II) in solution competitively adsorbed on the binding sites. However, when pH increased, the competitive advantage of H + weakened and more binding sites were released. As a result, the adsorption efficiency of Cd(II) was improved. When the pH reached 7, the adsorption capacity reached a maximum. However, upon further increase in the pH, certain adsorbents exhibited a slight decrease in their adsorption capacities for Cd(II) because Cd(II) formed precipitates with OH -in the solution.
Adsorption Kinetics Fig. 2 shows the kinetic curves for Cd(II) adsorption by loess and biochar-amended loess at 25ºC. The figure shows that the addition of sludge biochars to loess can effectively improve the saturation adsorption capacity of loess for Cd(II). At the same time, the adsorption of Cd(II) by loess without biochars reached an equilibrium at approximately 6 h, and the adsorption time was shortened if sludge biochars were added. The decrease in the adsorption equilibrium time was more pronounced with increasing pyrolysis temperatures. The Cd(II) adsorption equilibrium time on LBS700 was 3 h; the saturation adsorption capacity of Cd(II) increased from 5.16 to 16.72 mg/g, i.e., 177.74%. Fig. 2 4.253 Table 3 . Specific surface areas and porosity of sludge biochar. rapid and then slow adsorption trend. From 0 to 1 h, as the adsorption time was prolonged, the adsorption capacities of the four adsorbents for Cd(II) rapidly increased. From 1 to 6 h, the rate of increase the adsorption capacity gradually slowed, and the adsorption capacity reached equilibrium at approximately 6 h. The loess and biochar-amended loess exhibited two stages of rapid and slow reaction. This is likely because there are many binding sites on the surface of the biochars and the molecular concentration difference is large between the liquid phase and the surface of the biochars in the initial stage of the adsorption. As a result, Cd(II) can easily diffuse and adsorb onto the outer surface of the adsorbents. As the adsorption proceeds, the binding sites on the outer surface are gradually saturated, and the adsorption enters a slow reaction stage. At this time, the reaction rate is mainly controlled by the diffusion rate of heavy metal ions inside the micropores of the adsorbents [25] [26] . The adsorbates gradually diffuse from the macropores deep into the micropores. The mass transfer rate of heavy metals inside the inner pores slows, and the adsorption rate slightly increases until equilibrium is reached.
To study the adsorption mechanism of Cd(II) by loess and biochar-amended loess, the common pseudo first-order kinetic equation, pseudo second-order kinetic equation and intraparticle diffusion equation were used to linearly fit the adsorption process; the results are shown in Table 4 , which shows that the pseudo first-order kinetic model and the pseudo second-order kinetic model give a better fit compared to the intraparticle diffusion equation. The correlation coefficient R 2 values of the pseudo second-order kinetic equation for the four adsorbents were all greater than 0.99, which is better than the R 2 obtained from the fit of the pseudo first-order kinetic equation. In addition, the equilibrium adsorption capacity calculated using the pseudo second-order kinetic equation was very close to the experimental value, which indicated that the adsorption kinetics characteristics of Cd(II) onto the biochar-amended loess conform better to the pseudosecond order kinetic equation. These results suggest that the adsorption rate is mainly controlled via chemical adsorption; the adsorption process includes surface adsorption, intraparticle diffusion, and external fusion [27] . The rate constant k 2 of the pseudo second-order kinetic equation reflects the rate of the Cd(II) adsorption by biochars; the k 2 values of the three biochar-amended loess samples follows the order of LSB300>LSB500>LSB700. The likely reason for the small k 2 for the loess amended with biochars produced from high temperature pyrolysis is that the increase in the pyrolysis temperature decreases the acid functional groups on the surface of the biochars. In addition, inorganic elements such as Ca, Mg, and P in the biochars produced from high-temperature pyrolysis form insoluble phosphate and carbonate crystals, resulting in a slow release rate of phosphate [28] and carbonate ions, thus decreasing the reaction rate with Cd(II).
Effect of Different Initial Concentrations on Adsorption Capacity
The relationships between the adsorption capacities of Cd(II) by loess and biochar-amended loess and the initial concentration are found in Fig. 3 , which shows that the adsorption capacities of Cd(II) for the four adsorbents increased with increasing initial concentrations, and the adsorption capacities of the three biochar-amended loess samples were higher than those of the loess without biochars for each initial concentration. When the initial concentration ranged from 20 to 120 mg/L, the adsorption capacities of Cd(II) by loess and SB300 increased rapidly from 3.16 to 4.95 mg/g and from 8.72 to 13.63 mg/g, respectively. The adsorption capacity almost reached equilibrium at 120 mg/L, whereas for LSB500 and LSB700 the adsorption capacities increased rapidly when the initial concentration ranged from 20 to 200 mg/L and almost reached equilibrium at 200 mg/L. Then, with further increases of the initial concentration, the adsorption capacity increased slowly and finally approached equilibrium. The higher the initial concentration, the greater the concentration gradient at the solid-liquid interface, which makes it easier to overcome the mass transfer resistance between the two phases, thus promoting the migration of Cd(II) from the solution to the surface of the solids [25] . As a result, the higher the initial concentration, the greater the corresponding adsorption capacity. Overall, the addition of biochar effectively improves the adsorption capacity of Cd(II) on loess, and the larger the initial concentration of Cd(II), the greater the increase of adsorption capacity. The different initial concentrations exert a significant impact on the adsorption of Cd(II) by loess. Table 4 . Regression parameters of the sorption kinetics of Cd(II) by loess and biochar-amended loesses.
Isothermal Adsorption Characteristics
The adsorption isotherm is a curve describing the relationship between the amount of adsorbate on the surface of the adsorbent and that in the solution. The Langmuir and Freundlich models were used to fit the experimental data for Cd(II) adsorption. The parameters of the fitted model are shown in Table 5 . The Langmuir adsorption equation assumes that a large number of active adsorption centres compose the solid surface. When these active adsorption centres are occupied, the adsorption capacity reaches saturation. In addition, the adsorbates form a monolayer on the surface of the adsorbents. However, the Freundlich isotherm equation describes multilayer adsorption [29] . The K F value in the Freundlich model can be used to characterize the adsorption capability of the adsorbents. The K F values of the three biochar-amended loess samples are greater than that of the loess without biochars. Among the biochar-amended loess samples, LSB700 has the largest K F . This is likely because with the increase of the pyrolysis temperature the sludge biochars characterized a much larger surface area and content of ash. The large specific surface area can provide more binding sites and increase the potential adsorption capacity, which is also confirmed by the q m of LSB700. The adsorption capacity of Cd(II) by the biocharamended loess samples follows the order of LSB700 (28.74 mg/g)>LSB500(22.42 mg/g)>LSB300 (17.67 mg/g), which agrees with the order of the BET-specific area and aromaticity of the three biochars and is opposite to that of the polarity. The adsorption capacities of the biochar-added loess samples are significantly greater than the loess without biochar. Among those, the adsorption capacity of LSB700 increased by 155.7% compared to the loess without biochars. The fitting results show that both models can fit the adsorption data well; the linear correlation coefficient R 2 exceeds 0.92 for both. However, the R 2 of the Langmuir model is higher. In addition, the maximum adsorption capacity, q m (calculated from the Langmuir fitting equation), is closer to the experimental data. Thus, the Langmuir model can better describe the adsorption isothermal behaviours of Cd(II) by the four adsorbents, which indicates that the adsorption of Cd(II) by the adsorbents is mainly monolayer adsorption.
Conclusions
1. As the initial pH of the solution increases, the adsorption capacity of Cd(II) by loess and biochar-amended loess first shows a rapid increase and then a slow increase, reaching a maximum at a pH of 7.0. The Cd(II) adsorption capacities of the four adsorbents can be arranged in the following order: LSB700> LSB500>LSB300>Loess. 2. The adsorption of Cd(II) by loess without biochar reached an equilibrium at approximately 6 h, and the adsorption time was shortened if sludge biochar was added. The decreased equilibrium adsorption time was more pronounced with increasing sludge pyrolysis temperatures; furthermore, the saturation adsorption capacity of Cd(II) by sludge biochar-amended loess also increased significantly. The adsorption of Cd(II) by loess and biochar-amended loess exhibited a rapid increase from 0-1 h and a slow increase from 1-6 h; the adsorption capacity gradually reached equilibrium at approximately 6 h. The pseudo second-order kinetic model can describe the kinetics of Cd(II) adsorption on the sludge biochar-amended loess very well; the adsorption process includes surface adsorption, intraparticle diffusion, and external fusion. 3. The adsorption capacities of Cd(II) by loess and biochar-amended loess increase with an increasing initial solution concentration. The addition of biochar effectively improves the adsorption capacity of Cd (II) on acknowledgements
